Abstract. Monopiles are the most common foundation type used for xed-bottom substructures in o shore wind installations. In an o shore environment, the predominant load is cyclic, which a ects the sti ness and deformation properties of foundation systems, especially monopiles. To investigate the e ect of cyclic loading on a short (rigid) steel monopile, a set of displacement-controlled g laboratory tests were designed. This paper presents the procedure and results of eight centrifuge tests investigating monopile behaviour when subjected to lateral monotonic and cyclic loading. The general trend of monotonic response was in good agreement with the results of similar experimental studies; however, much softer behaviour was observed than that of the equivalent Winkler model on API p-y curves. The cyclic tests focused on the sti ness and deformation properties of a soilpile system under fatigue loading. Increases, decreases, or no changes in secant sti ness were observed depending on the regime of the applied cyclic displacements, which were in contradiction to the current design methodology in which only cyclic degradation was assumed. In uence of load cycling on cyclic bending moments along the pile shaft was discussed and found to be of minor signi cance.
Introduction
Piled foundations are frequently used in marine structures to resist the lateral cyclic loading produced by wind, waves, or ship berthing. A monopile is a single pile with a small aspect ratio (length over diameter), which rotates in rigid form instead of bends when subjected to lateral loads [1, 2] . The current O shore Wind Turbine (OWT) design practice uses the Winkler approach for analysis of monopile foundations. In this method, the pile is modelled as a beam on a set of nonlinear uncoupled springs as p-y curves representing soil-pile interaction [3] [4] [5] [6] .
The main shortcoming of the current methodology is that the p-y curves are based on empirical testing on the long slender piles, which are adopted and implemented in o shore oil and gas standards [1] . However, some di erences exist between wind turbine foundations and those of o shore platforms. The high ratio of horizontal to vertical loading and small aspect ratio of the piles in OWTs are the major differences. Moreover, knowledge and prediction of longterm performance of foundations in terms of sti ness and deformation are very important in OWT monopile structures. Short-term data on the existing structures in the early years of operation have shown that the fundamental frequency of the structures (f 0 ) has been under-predicted at the design stage [7] .
Cyclic lateral loading a ects pile behaviour in two ways; accumulation of rotation and changes in secant sti ness [1, 8] . Recent studies have shown that the e ect of cyclic loading on a pile strongly depends on the load characteristics and number of cycles, e.g. [1, [9] [10] [11] [12] . Several studies have investigated accumulated displacement and changes in sti ness of monopiles under cyclic loading. Long and Vanneste (1994) [9] and Lin and Liao (1999) [10] reviewed earlier studies and proposed a new method based on eld tests to reduce soil resistance using power law as a function of the number of cycles. Several authors have proposed approaches to determining the e ect of cyclic loading based on di erent theories. Triaxial tests with theoretical and numerical models were employed by Lesny and Hinz (2007) [13] and Achmus et al. (2009) [14] . Rosquo et et al. (2007) [11] investigated the change in tangent sti ness and accumulation of displacement under lateral cyclic loading on a scaled monopile in an g model. They observed that accumulation of displacement followed a logarithmic trend. Leblanc et al. (2010) [1] introduced new parameters to identify the load characteristics of magnitude and direction. Their accumulation model obeyed power law as proposed by Long and Vanneste (1994) [9] and Lin and Liao (1999) [10] . Klinkvort et al. (2010) [15] performed six lateral cyclic centrifuge tests on laterallyloaded piles in dense and dry sand. They observed that cyclic loading increased the secant sti ness and they estimated accumulated cyclic displacement. Rudolph et al. (2014) [16] considered the e ect of load directionality on the cyclic behaviour of monopiles and concluded that a change in loading direction signi cantly increased accumulation of displacement over the unidirectional loading. Although much signi cant work has been done in recent years, the lack of comprehensive data to create general rules about the cyclic behaviour of monopoles is a major problem. For instance, Leblanc et al. (2010) [1] reported only increases in monopile secant sti ness in sandy soil, whereas [12] also observed decreases under speci c loading patterns.
General design rules have not yet been established or adopted in design codes considering soilpile interaction issues, speci cally for short monopiles. To this aim, it is required to build a comprehensive database which includes di erent soil and pile information. This database should encompass many di erent conditions including di erent soil types and properties (e.g. di erent relative densities for sand), di erent pile geometries (diameter, length, eccentricity, aspect ratio), and di erent loading patterns in cyclic behaviour. Further laboratory investigations are needed to extend the application of the experimental data generated and add to the existing database on monotonic and cyclic behaviours of monopiles. In addition, because of di erent observations reported for laterally loaded rigid monopiles, it is still needed to improve the knowledge of this subject. This paper presents a series of displacement-controlled centrifuge tests to investigate the lateral behaviour of a short monopile in sand with approximate relative density of 60%, which is considered as an average value for medium-dense sand. The data collected gives good information about the monotonic and cyclic responses of monopiles and provides further insights into the monopile load-displacement and sti ness behaviour.
2. Methodology 2.1. Centrifuge modelling, scaling law, and dimensional analysis
In soil, especially in sand, stress-strain-strength behaviour depends on the e ective stress. It is expected that in a geotechnical centrifuge, the in situ level of stress can reproduce approximately the same stressstrain behaviour as is found in the eld [17] . Therefore, equivalence between model and prototype stress levels and stress-strain-strength behaviours establishes similitude laws. Table 1 shows correlation between model and prototype parameters at generated centrifugal acceleration of g. In all physical modelling, it is important to perform dimensional analysis on all independent governing parameters of the modelled phenomenon. Dimensional analysis leads to a set of non-dimensional ratios of governing parameters in order to transform model results into prototype scale. For this purpose, nondimensional ratios should be identical between model and prototype to avoid scale e ects. On the subject of the present study, a dimensional analysis has been performed by [18] . Following is the results of their analysis:
where H is applied load, D is pile diameter, y is pile lateral displacement, e is load eccentricity, R a is pile average roughness, and d 50 is soil average grain size. Other parameters are well known. Thanks to centrifuge technology, all these ratios are identical across the scale, except the last one. This ratio should be kept large enough to avoid scale problems. The centrifuge tests designed in the present work sought to determine the cyclic behaviour of a sti monopile under lateral loading. The program for the tests consisted of one monotonic and seven cyclic loading experiments at 40 g ( Table 2 ). Note that all tests were carried out under displacement-controlled loading. All tests were performed by Actidyn C67-2 centrifuge at University of Tehran. The centrifuge beam (radius 3.5 m) was equipped with a pendulum swinging platform that would accommodate a model up to 1 m 0.8 m 0.8 m and could accelerate a onetone package to 130 g. The centrifuge was controlled by a state-of-the-art computer management system. The platform radius was 3.0 m and the nominal radius was 2.7 m. Further information about the centrifuge facility can be found in [19] .
Properties and preparation of the sand sample
A rectangular strongbox 80 cm 60 cm 50 cm in size was used to prepare the soil sample. Firoozkuh-161 standard sand with an approximate relative density of 60% was used. This sand is used as the standard in geotechnical testing in Iran and several research papers can be found dealing with the behaviour of this sand in di erent states. The sand is produced by crushing of parent rocks from Firoozkuh mine in the north-east of Tehran. It mainly consists in ne-and medium-sized golden subangular particles. Further information regarding the sand properties and mechanical behaviour can be found in Farahmand et al. (2016) [20] . Table 3 compares properties of the sand with other standard types found in the literature.
For preparation of soil samples, soil weightvolume relationships were used. Strongbox walls were divided into 2.5 cm layers for soil compaction. Therefore, having volume of each layer of the sand, moisture content (5% was used to facilitate compacting), relative density, and thereby speci c weight, it was easy to calculate weight of the required soil for compaction in each layer. The sand was poured almost evenly distributed in the box. After pouring, it was compacted using a manual compactor until the compacted soil tted the speci ed layer of the box. In this method, the relative density was not expected to be exact; however, approximate relative density of 60% was achieved with acceptable accuracy.
The scaling of the ratio of grain size to pile diameter is di cult to achieve [17] , because a model uses the same soil as that used in the prototype, meaning that the grain size to pile diameter ratio in the model is n times larger than the actual size. M uhlhaus and Vardoulakis [21] showed that progressive failure in small model tests with the material same as that in the prototype was questionable. The ratio of particle size (d 50 ) to structure size (B) should be su ciently small to overcome this drawback. Ovesen (1979) [22] showed that for a vertical loaded plate, scale e ect could be neglected if B=D n50 > 30. If D n50 = 0:3 mm and B = 50 mm, the ratio would be greater than 166 and the scale e ect would have a negligible e ect on the results of the present experiments.
Modelled pile
The model pile was a circular stainless steel pile with an outer diameter of 5 cm and thickness of 1.25 mm. At 40 g of acceleration, the pile at prototype scale should be 2 m in diameter and 5 cm in thickness in dry sand. Summary of structural properties of the modelled pile is shown in Table 4 in model scale. Half-bridge strain gauges were attached to the pile at the six stations at distances of 6.5, 12, 17.2, 21.7, 27.3, and 32.5 cm from the pile bottom. The pile bending moments were calculated at di erent depths for moment calibration against voltage. Figure 1 presents a schematic sketch of the test setup. In all tests, embedded length and load eccentricity were kept constant at 25 cm (5D) and 35 cm (7D), respectively.
Instrumentation
In all tests, cyclic displacements applied by the loading shaft were measured using a Linearly Variable Di erential Transformer (LVDT). Another LVDT was placed 15 cm beneath the loading point. This extra LVDT would help to measure pile de ections at the soil surface. The magnitude of the lateral load caused by the applied displacement was measured using a load cell. The load cell non-linearity and non-repeatability were 0:03%R.O. and 0:02%R.O., respectively (R.O. denotes rated output). Testing and pile movements were lmed by a set of cameras for monitoring the test procedure. Agilent E1422 data acquisition system installed in the centrifuge was used to collect and store output data. Sampling rate was 0.01 s for monotonic and 0.05 s for cyclic tests. Low-pass Butterworth ltering type was used for data processing. All the measurement devices were calibrated several times during the work to ensure their linear response. Load cell was calibrated using di erent known weights applied and measuring output voltages. Similar method was used for LVDTs with known displacement. For calibration of strain gauges of the pile, the pile was placed on two simple supports and di erent weights were applied to the middle of the beam. Then, the calculated moments at the half-bridge stations were calibrated against voltages.
Loading and tests procedure
Before cyclic testing, a monotonic loading test was performed to make an approximation of the monopile loadbearing capacity. Recent studies [1, 12] have reported the e ect of load characteristics and the number of load cycles on monopile cyclic behaviour. They de ne two non-dimensional parameters as follows:
The load used in this de nition applies to either horizontal force, bending moment, or any parameter representing lateral demand on the pile. Note that in an actual o shore environment, the load level is not constant and varies from cycle to cycle. In the cyclic tests, except TC1, the load levels were chosen to re ect the fatigue limit state. The primary cyclic loads causing high cycle fatigue in OWTs are about one-third the ultimate capacity of the pile [1] .
A new stepper motor was programmed to generate controlled displacement. The rotation of the stepper shaft was transferred to a ball screw by means of a toothed belt. The ball screw transformed rotation to translation and the translational movement was conveyed to a loading shaft, which displaced the monopile. Figure 2 shows the main components and assembly of the loading device. The stepper motor was able to create displacement in ramp, stair, triangular, and sinusoidal patterns. A combination of ramp and sinusoidal patterns was used. Only the ramp pattern was used to change the cyclic ratio at the beginning of loading. It is noted that the accuracy of the stepper motor was 2000 pulse/round and a calibration coe cient of 0.365 was used to convert round to mm of displacement. Complete setup of the present work can be seen in Figure 3 .
For each test, the soil sample was newly prepared as discussed previously in Section 2.2. Then, loading frame was installed on the strongbox and the position of the loading shaft was adjusted. Afterwards, the pile was driven gradually into the soil by a hammer vertically until the desired penetration was achieved. After pile installation, loading shaft was attached to the pile with a hinged round clamp. The prepared heavy model was moved to the machine basket with a small crane. Before spinning the basket, all cables coming from strain gauges, LVDTs, and loadcell were connected to data logger channels. Also, stepper motor was triggered by attaching its wires to a power supply and command drive. Then, the centrifuge was accelerated up to 40 g and nally, displacements were applied to the pile.
Dry versus saturated sand
All tests were carried out under dry conditions. The moisture content of 5% was used to facilitate compacting; this value was not expected to a ect the test results based on previous experiences in the physical modeling and centrifuge laboratory testing on wet and dry sand. As the study mainly deals with o shore wind turbines with their monopile foundations installed in saturated soils, scaling factor for equivalent saturated condition is also introduced. The procedure proposed by Lie et al. (2010) [8] was used to scale the test results under saturated conditions. In this procedure, it was assumed that no pore pressure was generated during loading and e ective stress under saturated conditions would be equivalent to that under dry conditions after adjusting the geometrical scaling factor. In other words, the increase in gravitational acceleration was not equal to the geometrical scaling factor. This approach was validated by Klinkvort and Hededal (2014) [23] , who conducted a series of identical tests on dry and saturated sand and compared the results. By de ning geometrical scaling factor, N s , and the increase in gravitational acceleration, , the prototype parameters under saturated conditions would correlate with the model parameters under dry conditions using the new geometrical scaling factor as follows:
It should be noted that, accordingly, the tests are only valid for completely drained conditions.
Limited number of cycles
During the lifetime of an o shore structure, about 10 7 load cycles are expected from environmental loading. These cycles can vary one by one in magnitude, direction, cycling, and frequency; however, an actual o shore environment cannot be simulated in the lab. Testing for cycle numbers is time-consuming and expensive, especially in centrifuge modelling. It is usual to carry out tests with a limited number of cycles and then, extrapolate the results for the target numbers.
Note that the trend of results based on a limited number of cycles can change after covering a larger number of cycles [16] and this requires examination in future studies. In the present study, limitations required that the number of cycles be limited to 130.
Limitations of test setup and experiments
In physical modelling investigations, exact prototype condition is almost impossible to replicate and some approximations have to be accepted [17] . Limited space of the centrifuge basket is a restriction on the model size. This imposes limitation on the strongbox dimensions and consequently, further limitations on the monopile geometry including diameter, embedment, and load eccentricity. In real o shore wind turbines, the applied load eccentricity is considerably high; therefore, we decided to take 1D clearance below pile tip [24, 25] to have maximum load eccentricity. Except pile self-weight, there was no additional counter weight or vertical load on the pile. Therefore, considering purely lateral behaviour and small vertical stresses beneath the pile, it was expected that the pile response would not be in uenced by the bottom boundary [25] . The pile was installed at 1 g by driving with a hammer weighing 1.455 kg. Installation at 1 g would not reproduce prototype stress condition around pile; nevertheless, this di erence would not a ect the pile lateral response, signi cantly [26] . Box boundaries might a ect pile response. Liu et al. (2011) [27] showed that the soil zone at most 6 9 times the pile diameter would be deformed in loading direction. Considering box length (80 cm) and the pile diameter (5 cm), at least the distance of 6D (30 cm) between outer face of the pile and inner face of the box was kept in all tests to minimize boundary e ects. Another drawback of centrifuge modelling is non-uniform eld of acceleration in the whole model. This is because the inertial acceleration (r! 2 ) is proportional to radius of rotation (r), which varies throughout the model. The error coming from this limitation will be negligible (less than 3%) if the ratio of model depth (h m ) to e ective rotational arm (R e ) is less than 0.2 [17] . In the present study, R e is 2.7 m and h m is 0.3 m, giving h m =R e = 0:11; therefore, error of vibrational g-level is negligible.
Results and discussion
The results of the test are presented in prototype scale.
To facilitate comparison between the results regardless of dry or saturated condition of the sand, normalized parameters are used as listed in Table 5 . Here, the pile diameter, D, and sand e ective density, 0 , are chosen for normalization.
Monotonic test
Monotonic testing was performed at a constant loading Table 5 . Non-dimensional parameters. Table 6 . In Winkler model, soil was modelled using p-y curves recommended by API code [28] . These curves relate soil reaction p to pile local horizontal displacement y in di erent depths via the following equation:
Horizontal force (H)
where K is initial modulus of subgrade reaction and A is an empirical constant given for monotonic loading as:
P u is ultimate soil reaction calculated at a given depth as: [25] and Klinkvort and Hededal (2014) [23] . It should be noted that these studies have been carried out under various test setup and, therefore, direct and detailed comparison is not possible; because there are many parameters a ecting the results including pile diameter, aspect ratio, pile-soil sti ness, load eccentricity, and soil condition (density and compaction). For example, previous studies have concluded that the behaviour of cohesionless soil depends signi cantly on the density of the material used [29] . However, some general remarks can be given as follows. The comparison indicates similar general nonlinear responses between three experimental results, but various stiness and ultimate capacities. Very sti response and remarkably higher lateral capacity of Klinkvort and Hededal (2014) [23] highlights the e ect of 1D more penetration depth and 30% increase in relative density on monopile behaviour. The present test condition has the most similarity to that of Alderlieste et al. The preliminary calibrations for the half-bridge coupled strain gauge arrangement were used to produce a diagram for distribution of bending moments along the pile length. This distribution was also compared with the results of the numerical Winkler model using API recommendations for p-y formulation ( Figure 5 ). The results are presented for some typical normalized horizontal load levels. The general shape of the curves shows the adequacy of the strain gauge stations. With increasing soil depth, bending moments increased until reaching their maximum values and then, decreased gradually. The location of the maximum value became deeper as the load level increased. This implies that by increasing the applied load, upper layers of the soil reached their ultimate resistance. Although the measured moments were in good agreement with the numerical Winkler results, the depths of maximum values in Winkler model were somewhat lower than those in the test measurements.
Experimental p-y curves can be derived from the measured moments. The fth-order polynomial function introduced by Wilson (1998) [30] was used to t discrete moments (Eq. (7)). Double di erentiating and double integrating of the tted equations give the soil reaction, p, and displacement of the pile y, respectively, at any desired depth, z. Note that the prototype values in the equivalent saturated sand (i.e. D = 3:2 m) were used here.
M(z) = a + bz + cz 2:5 + dz 3 + ez 4 + fz 5 :
The derived data are illustrated in Figure 6 together with the corresponding API p-y curves for four typical depths. The derived p-y points were also tted to a hyperbolic function rstly proposed by Kondner (1963) [31] and then, identi ed by Georgiadis et al. (1992) [32] (see Eq. (8)). 
where k i is the initial sti ness and p u is ultimate soil reaction. As it was not possible to identify p u from the test, an estimation of 1.2 times that proposed by API was assumed for p u , which gave the best results for tting curves. Looking at the graph, the hyperbolic function seems to well t the test data. API p-y curves obviously failed to predict real soil springs in terms of both formulation and initial sti ness values, as they highly over-predicted the soil sti ness. To quantify this, the calculated values of k i are plotted and compared with those of API for the present sand in saturated condition (Figure 7 ). It can be seen that k i varies almost linearly with depth in agreement with the API suggestion; however, the API estimation for modulus of subgrade reaction is about 8 times larger than that of the present study. Looking at the load-displacement responses ( Figure 4 ) and the corresponding p-y curves (Figure 7 ), one may conclude that the general loaddisplacement response of the pile almost follows the general shape (or formulation) of the p-y curves.
Normalised pile de ections along depth under the various horizontal loads are provided in Figure 8 . As shown, the pile behaves in a rigid manner. As distinguishing limits for rigidity of a pile, the following criteria are often used for sandy soils, which often have 9) where L is the pile embedded length and T is the relative sti ness factor introduced by Reese and Matlock (1956) [3] :
n h is coe cient of subgrade reaction modulus. The pile will be considered rigid if n h is:
For the present case in equivalent saturated condition (L = 16 m, D = 3:2 m, t = 8 cm, and E = 207 GPa), the pile behaves in a rigid pattern if n h 6. The value of n h for the present study is estimated to be 3.33 ( Figure 7) , which denotes that the pile can be classi ed within rigid category.
Cyclic tests
Non-dimensional results of the four representative tests were used to investigate the load response and loaddisplacement behaviours of the monopile. Figure 9 shows the monopile load response versus model time for representative tests TC1, TC2, TC3, and TC6. An increase in time (or number of load cycles) caused a change in the minimum and maximum loads. In all tests, the rate of change was rapid during the rst few cycles (maximum of 20 cycles for TC1). After about 100 cycles in all tests, the variation in load magnitude became very slow. Di erent rates of changing in applied loads were observed for di erent loading patterns. This was due to restructuring of the soil body and sand owing around the pile under applied cyclic displacements. Under load control condition, this restructuring and sand owing caused accumulation of irreversible displacement of pile in loading direction [35] .
3.2.1. Load-displacement response and soil deformation Figure 10 shows the load-displacement responses of the pile in non-dimensional form. Displacement was measured at the load point. All tests showed nonlinear hysteretic behaviour for the soil-pile system. For tests TC1, TC2, and TC6 with y min =y max < 0, a softening portion could be observed in the response. This softening portion was remarkable in TC1 where the maximum displacement amplitude was applied. Generally, components of soil-pile interaction a ect soil load-displacement response. These components are mainly resistance of the soil against pile moving, gap development (sometimes lling by sand owing), and drag force (moving the pile in the gap) [36, 37] . It seems that the softening is the result of mechanical degradation under cyclic loading [38] , which consists in gap development and local plastic deformations in the soil body. In all cases, nonlinearity in terms of elastoplastic response was observed, which should be taken into consideration in the design stage. From the point of view of dynamics, this nonlinearity would result in changes in the system sti ness and consequently, the natural frequency depending on applied load levels.
Despite overall nonlinearity and elasto-plastic response, loading and unloading curves were close to linear for small applied cyclic amplitudes. This nearly linear loading and unloading region suggests that the sti ness of the soil-pile system remains linear if the load level remains small. This is in agreement with Zaaijer (2006) [39] , who showed that linear sti ness matrix models of OWT foundations could be used for dynamic modelling to provide enough accuracy when compared with fully nonlinear soil spring models corresponding to loading conditions that re ected fatigue limit state. Figure 11 shows soil deformation around the pile head. Conical depressions were observed around the pile after all tests because of the dryness of the sand and its low relative density. Similar to softening in hysteretic curves, size of the depression is remarkable for TC1, where displacement amplitude is large compared to other tests. Note that when the circular hole is formed, the embedded portion of the monopile will decrease and a ect the load-displacement response of the pile. It should be noted that other phenomena, including change in soil properties (e.g. relative density), local plasticization, gapping, and back lling the gap, will a ect the results. However, as the results of the following sections will demonstrate, degree of in uence of each phenomenon strongly depends on loading pattern.
Cyclic secant sti ness
In uence of load cycling and pattern was investigated on sti ness behaviour of the monopile-soil system. Figure 12 shows how the secant sti ness was measured in the present displacement-controlled cyclic load tests. The secant sti ness of the system was calculated at the load point, i.e. at 7D above the sand surface. Nondimensional secant sti ness in the Nth cycle is de ned as:K N =H max;N H min;Ñ y max ỹ min :
The calculated non-dimensional secant sti ness was normalized using non-dimensional secant sti ness of the rst cycle, i.e.K 1 . The measured data were also tted to a logarithmic evolution expressed as the equation below:
where the coe cient a is the changing rate. Table 7 summarizes the calculated parameters of logarithmic t for the cyclic tests. The secant sti ness versus number of cycles for all tests is shown in Figure 13 . Fitted curves are depicted with continuous black line and representative measured data are plotted by points. It is shown that most tests well follow the logarithmic trend. However, a degree of scattering is seen in Figure 13 . Measurements and logarithmic t for normalized cyclic secant sti ness. TC3 and TC5, where y min =y max > 0. Increasing, decreasing, and invariable trends in secant sti ness can be observed in the results. This makes prediction of the long-term behaviour of the monopile-soil system more challenging. Recent studies [1, 12] have solved this problem by quantifying the cyclic load content in both direction and magnitude. Although these data may not be enough to achieve a general conclusion, it can be stated that in one-way applied displacements or initial one-way loading condition (i.e. y min =y max > 0), increase in secant sti ness is unlikely. In twoway applied displacements or initial two-way loading condition (i.e. y min =y max < 0), both increasing and decreasing trends are observed in the results. The greatest increase occurred in test TC1 to which the largest y max =y ult was applied. In most tests, changes in cyclic secant sti ness after cycle 50 were very slow and the greatest change was observed in the rst 10 cycles. At this point, it is worth noting that the current design codes such as API [28] and DNV.GL [40] consider the e ect of cyclic load only by decreasing the soil ultimate reaction. It is obvious that the results of the present study are in contradiction to the assumption of these methods, i.e. always reducing the pile secant sti ness under cyclic load.
Cyclic bending moments
Maximum bending moments of the pile shaft One key parameter in the structural design of monopiles is maximum bending moment, which is critical to sections such as weld connections that are important to fatigue design. It is important to know how the maximum bending moment will be a ected by the cyclic process on the pile. To investigate this, dimensionless moment arm is de ned as follows:
It is obvious thatd N is always > e D = 7. This de nition allows eliminating the e ect of variation of applied load on the maximum bending moments and therefore, considering only the e ect of cycling process on the results. The relative maximumd N for the pile shaft under maximum and minimum applied displacements (maximumd N is measured separately for y max and y min ) against the number of cycles is presented for four typical tests. The results are tted to a logarithmic evolution de ned as:
The values of b from curve tting are presented in Table 7 . As the graphs in Figure 14 show, logarithmic variation is present in most cases, but this is not a general nding. E ect of cyclic load on variation of maximum bending moment is observed to be less than 5% in most tests, except TC7 at y min . Evolution of maximum bending moment was investigated by cyclic load-controlled testing by Rosquo et et al. (2007) [11] . They concluded that the change in maximum bending moment was less than 8%, which is in agreement with the results of the present study. Therefore, it can be concluded that the e ect of cyclic load on maximum bending moment will not be of great concern in design practice.
Bending moments distribution along the pile length Normalized moments measured at each of the strain gauges are shown in Figure 15 . M is the measured bending moment when the maximum applied load occurs during a load cycle and M 0 is the corresponding applied bending moment at the pile head. As it is shown, the general shape of the bending pro le along the pile length remains relatively unchanged despite changing in the applied cyclic characteristics. However, the location of the maximum bending moment is exchanged between z D = 0:66 and z D = 1:56 in all tests except TC3.
Conclusion
A series of centrifuge tests were conducted to investigate the behaviour of sti monopiles on sand. One test was performed under monotonic condition and seven tests were cyclic. Displacement-controlled cyclic loading was applied to the monopile. In all tests, relative density of the sand was approximately 60% and the embedded pile length of 5D and load eccentricity of 7D were kept constant during testing. Cyclic tests focus on loading levels of the fatigue limit state. The monotonic test results were compared with those of the numerical Winkler beam on API recommendation springs and two similar laboratory tests. Some conclusion remarks can be summarized as:
Experimental results gave consistent results, in agreement with the existing literature; however, the Winkler/API springs model predicted a sti er response than the present centrifugal test did. Also, Figure 15 . Bending moment distribution along pile when maximum displacement is applied. M0 is corresponding moment at the pile head.
nonlinear response was more pronounced in laboratory tests than in API/Winkler; The p-y curves derived from bending moment measurements of the monotonic test well tted a hyperbolic function, while the tangent hyperbolic API p-y curves showed a larger value of initial modulus of subgrade reaction (about 8 times larger than that in this study); In some cyclic tests, di erent rates of change were monitored for applied loads for maximum and minimum applied displacements due to plastic deformations in the soil. The hysteretic behaviour in loaddisplacement curves signi ed energy dissipation in the soil-pile system; De nition of secant sti ness was used to study the sti ness of the soil-pile system. The results showed that the cyclic sti ness of the system strongly depended on the applied cyclic displacement characteristics and degradation; almost no variation and an increase in sti ness occurred; Most tests followed a logarithmic trend. The results of tests with one-way applied cyclic displacements (y min =y max > 0) showed almost no increase in secant sti ness. In cases with two-way applied cyclic displacements, both decrease and increase in the sti ness were observed. Maximum increase in the secant sti ness occurred for the case of y min =y max < 0 with maximum y max =y ult ; It was found that the load cycling e ect on the pile maximum bending moment was not remarkable. The maximum bending moment of the pile shaft changed to less than 5% in all cases except one. Also, the moment distribution along the pile was less a ected by the cycling process. 
